The effectiveness of a "staged aftbody" proposed by Toyoda et al. (AIAA J., Vol. 52, 2014, pp. 2899-2901 was further investigated using an aeroballistic range with a free-flight Mach number of 1.7. Near-field pressure signatures were obtained from a pressure transducer that was flush-mounted on a flat plate. From these signatures, far-field pressure signatures were obtained by the waveform parameter method. It was demonstrated that a flight model whose length-todiameter ratio was even as high as 21 exhibited considerable elongation of the overall tail-boom pressure signature duration, thereby effectively mitigating the tail boom. 
Introduction
With the rapid growth of commercial air transportation worldwide, the demand for high-speed mobility, including at supersonic speeds, is increasing. Because Federal Aviation Regulations prohibit supersonic flights over land owing to the serious impact on residents, the mitigation of sonic boom is a necessary condition for the realization of a supersonic airliner with improved technical performance that satisfies current environmental and commercial requirements.
Past research [1] [2] [3] has primarily highlighted methods for mitigating nose boom. However, in addition to nose boom, tail boom should also be mitigated. The mitigation of tail boom is a difficult problem because of the complex flow-field generated around the entire aircraft. Thus, only limited general guidelines have been developed in this regard. In the D-SEND project of the Japan Aerospace Exploration Agency (JAXA), 4) a low-boom model was designed to mitigate both nose and tail boom based on the detailed numerical simulation of a specific configuration.
In a previous study, 5) a proof-of-concept experiment was performed for a new method for mitigating tail boom, which is based on a "staged aftbody." Each stage of a circular cylinder was followed by a slope generated by a conical contraction, which was then connected to the next stage. An expansion fan and a shock wave were generated on each stage, thereby delaying the coalescence to a single rear boom. However, the design guidelines for the staged aftbody configuration have not been sufficiently discussed in a quantitative sense. An important question is whether a further increase in the body length will lead to further improvement in its effectiveness. In this study, an experimental demonstration was conducted to answer this question. The results of this study are expected to contribute to improving the design guidelines for the staged aftbody.
Methods
To accurately evaluate sonic-boom loudness, the entire near-field pressure signature over a free-flight model is required. In a wind tunnel experiment, a model is usually supported by a sting that disturbs the pressure recovery region. In the present experiment, the near-field pressure signature over the entire free-flight model was measured using an aeroballistic range.
6) The experimental setup was composed of a driver section, launch tube, and test chamber. The driver chamber could hold pressurized driver gas, that was helium, up to 9.9 MPa. The launch tube had a 25 Â 25 mm 2 crosssection and was subdivided into three sections: acceleration, ventilation, and sabot separation.
The test chamber had a diameter of 1 m. Before a freeflight model reached the test section, it passed through a baffle plate to eliminate the effect of precursor shock waves. The free-flight distance before the test section was 1,750 mm. In the test section, pressure transducers (PCB Piezotronics Inc., 113B28) were flush-mounted on a horizontal flat plate made of steel. The nominal value of the height of the flight path from the flat plate surface was set to H ¼ 150 mm. However, the real value of H was corrected by up to a couple of millimeters from the visualized image. The free-flight model and sabot were trapped in the catch tank. Schlieren visualization was conducted using a high-speed camera (NAC ULTRA Cam, frame rate: 200,000 frames/s, exposure: 3 ®s).
This experimental setup employed a unique sabot separation scheme, [6] [7] [8] which enabled the setup to launch a model with a length-to-diameter ratio of higher than 20. The in-tube catapult launch scheme 8) was combined with mechanical sabot separation; in this scheme, the sabot impinges against a sabot stopper plate. After the in-tube catapult launch, the sabot was separated farther from the model by the sabot stopper near the muzzle. Subsequently, the flight attitude of the model was not disturbed by the mechanical impingement of the sabot against the sabot stopper because the model was no longer in contact with the sabot. In this way, an experimental free-flight model could be launched at an angle of attack of approximately zero, without contaminating the pressure signature at the test section by the sabot motion. Using an experimental near-field pressure signature, far-field pressure waves induced by a similar body were computed using the waveform parameter method.
9)
The schematic of a supersonic free-flight model is illustrated in Fig. 1 . The model had an axisymmetric shape, and its total length was L. The nose section (rightmost part), with a length of 0.4L, employed the low-boom configuration proposed by McLean.
10) The first stage, with diameter D 1 ¼ 10:0 mm, was followed by two stages: the second stage with diameter D 2 ¼ 8:2 mm and the third stage with diameter D 3 ¼ 5:8 mm. Three model lengths, L, were examined. The respective models were named "S" for short, "M" for medium, and "L" for long. These models with sabots are shown in Fig. 2 , and their lengths are listed in Table 1 . In particular, the L model had a length-to-diameter ratio as high as 21.4; experimental validation using such a long model will be greatly valuable for further demonstrating the effectiveness of the staged aftbody.
In the experiment, three launches were conducted using each model. The flight Mach number was Mach 1:70 AE 0:03. The average angle of attack of the launches was ¹0:5 AE 1:0 (standard deviation).
Results and Discussion
The Schlieren images obtained in free flight are shown in Fig. 3 . The L model was too long to be captured in a single frame. Therefore, Fig. 3(b) is not a single capture, but is instead composed of four images captured in a single shot using the high-speed framing camera. The three vertical lines are the boundaries of the cut frames and do not represent any physical phenomenon. In these experiments, the knife edge was set horizontally. In the upper half of the images, a light region corresponds to a positive density gradient in the upward direction, and a dark region corresponds to a negative density gradient. This implies that a light region corresponds to an expansion fan, whereas a dark region corresponds to compression waves and/or a shock wave. In the lower half of the images, the relationship between the gray scale and the density/pressure gradient is inverted. In each image, four oblique shock waves are clearly seen: the first one generated at the conical nose; the second and third ones generated at the leading-edges of the second and third stages, respectively; and the last one generated in the wake region. At the shoulder of the model nose, an expansion fan is seen.
The corresponding near-field overpressure histories are plotted in Fig. 4 . The initial test chamber pressure was set to 50 kPa. In all three cases, there is a trapezoid region along the forebody and three dispersed pressure waves along the aftbody. The positive peak overpressure in the trapezoid region is the highest for the S model because this model has the largest cross-sectional area gradient along the axis.
In the waveform parameter method, the International Standard Atmosphere with no wind was assumed; the cruise altitude was set to H ¼ 18:3 km, a typical value for a Concorde. The assumed bodies were assumed to have a shape similar to that of the experimental model; hereafter referred to as "similar body." The largest diameters were set to be constant (¼ 2:88 m), and the lengths of the S-, M-, and Lsimilar bodies were set to 26.4, 37.8, and 61.7 m, respec- Trans. Japan Soc. Aero. Space Sci., Vol. 58, No. 5, 2015 tively. Figure 5 shows the computed ground pressure signatures obtained by propagating the experimental pressure wave signature shown in Fig. 4 . For the S-similar body, the separation distances between the stages are so short that the dispersed waves merge into a single N-shaped wave. In contrast, for the L-similar body, the individual tail waves still remain dispersed. The large overpressure jump observed for the S-similar body is divided into four smaller overpressure jumps for the L-similar body. Not only are the local pressure jump sizes smaller, but the overall jump from the first head to the last peak is also much smaller. For the S-similar body, the local ÁP jump is 39.6 Pa, whereas for the L-similar body, it is 14.0 Pa; the overall ÁP jump is 26.4 Pa. The loudness of the far-field pressure waves was analyzed through FFT. The computed A-weighted loudness for the S-similar body is 84.1 dB, whereas that for the L-similar body is only 81.4 dB. It is clear that for the L-similar body, the tail wave still remains dispersed, thereby leading to effective boom mitigation. The pressure step of 34.6 Pa for the M-similar body is still smaller than that of the S-similar body. However, the pressure increases partially merge. As indicated by the results, the wave dispersion induced by a staged aftbody can be effective even in the typical far-field overpressure signature for the longest model.
Conclusion
In this study, Mach-1.7, free-flight experiments were performed using axisymmetric models whose length-to-diameter ratios were even as high as 21.4. It was demonstrated that a staged aftbody became more effective when a long body was used. When evaluating pressure signatures against flights at a typical altitude, not only did the pressure signature duration widen, but the overall pressure increase also decreased by 33% for the model with the length-to-diameter ratio of 21.4 as compared to the model with a length-to-diameter ratio of 9.2.
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